Cardiovascular disease (CVD) and preeclampsia share several pathophysiologic risk factors. We examined family history (FH) and physiologic status in 60 healthy, nulliparous women to determine the relationship between FH and known risk factors for CVD. Data are presented as mean + standard error (SE). Decreased uterine blood flow was observed in women with FH of hypertension (þFH: 21.5 + 1.7, no FH: 33.3 + 9.0 mL/min; P ¼ .04). Women reporting an FH of stroke showed increased alpha-and beta-adrenergic response, as measured by Valsalva maneuver (a: FH: 24.7 + 1.9, ÀFH: 18.9 + 1.1 mm Hg, P ¼ .02; b: FH: 22.0 + 2.1, ÀFH: 16.9 + 1.4 mm Hg; P ¼ .04), and increased cardiac output (4.83 + 0.22 vs 4.31 + 0.12 L/min; P ¼ .01). We identified no significant physiologic associations linked to an FH of myocardial infarction. Our observations show significant differences in physiologic characteristics in women with specific CVD family histories. These data, coupled with known heritable contributions to CVD and preeclampsia, suggest a distinct physiologic phenotype that may link preeclampsia risk with FH of CVD, independent of pregnancy.
Introduction
Cardiovascular disease (CVD) is the fourth leading cause of death worldwide. More than 30% of deaths occurring in the United States in 2008 were attributable to CVD and stroke. 1 While a significant component of this is regularly attributed to lifestyle and environmental influences, a large part is also due to genetic predispositions, as it is clear that individuals with close family members who have had ischemic CVD are at increased risk of developing CVD. [2] [3] [4] [5] Women who develop preeclampsia and children born to preeclampsia-complicated pregnancies have increased rates of CVD later in life compared to women who have uncomplicated pregnancies. [6] [7] [8] [9] While the cause of preeclampsia is unknown, multiple etiologies have been proposed, including placental maladaptation, maternal inflammatory response, underlying predisposition to cardiac disease, an antipaternal immune response, and genetic or epigenetic influences. 10, 11 It is likely that there are multiple etiologies that manifest with the similar clinical presentation of hypertension (HTN) and proteinuria. 12 Cardiovascular characteristics of preeclampsia include reduced plasma volume (PV), increased sympathetic tone, elevated vascular resistance, and peripheral vasoconstriction. [13] [14] [15] [16] [17] [18] [19] Preliminary evidence demonstrates that both low PV and reduced arterial compliance, when identified prior to pregnancy, are associated with the subsequent development of preeclampsia. 20, 21 In addition, increased sympathetic responsiveness and low PV have been linked with CVD, including essential HTN, heart failure, and coronary artery disease. 22, 23 Preeclampsia and CVD possess several similar strongly heritable physiologic characteristics; our laboratory group contends this suggests a common etiologic origin. In support of this, there are distinct physiologic characteristics that are associated with the development of preeclampsia and CVD. [2] [3] [4] [5] Increased pulse pressure (PP) prior to pregnancy and during early pregnancy is correlated with the development of preeclampsia, and increased PP has been identified as an independent risk factor for CVD, suggestive of heightened vascular stiffness. 20, [24] [25] [26] [27] Decreased PV levels are evident in cases of essential HTN with low PV linked to increased platelet activation, elevated levels of proinflammatory cytokines, and increased sympathetic tone both prior to and during pregnancy, all of which are elements of the preeclamptic pathophysiologic profile. [28] [29] [30] Our research group is focused on examining maternal physiology prior to pregnancy with the goal of understanding how prepregnancy physiology contributes to the pathophysiology of preeclampsia. 31 Previous work from our laboratory and others suggests certain phenotypic differences exist that predispose some women to the development of gestational hypertensive disorders as well as the development of future cardiac disease. 32, 33 Here, we hypothesized that a family history (FH) for HTN, stroke, or myocardial infarction (MI) would be associated with physiologic characteristics that have been linked to the development of preeclampsia. In this analysis, we have examined, in young healthy nulliparous women, the relationship between an FH of HTN, stroke, or MI with cardiac output (CO), measures of arterial compliance, sympathetic responsiveness, PP, PV, and uterine blood flow (UBF).
Methods
Sixty young, healthy, nonsmoking nulliparous women were recruited via newspapers and poster advertisements. Eligible women had no personal history of HTN, diabetes, autoimmune disease, or other major chronic medical conditions, and were not using hormonal contraceptives. Participants were between the age of 24 and 35 years, with a mean age of 29.6 + 4.8 years. Participants were of normal body mass index (BMI); mean 22.8 + 3.7 kg/m 2 , and predominantly caucasian (87%).
Studies were performed in the General Clinical Research Center at the University of Vermont during inpatient evaluation from May 2004 to April 2007. Study evaluation followed 3 days of a 3500-mg sodium-prepared diet to minimize dietaryrelated hemodynamic variance. Participants were asked to abstain from decongestants and nonsteroidal medications for 48 hours and alcohol and caffeine for 24 hours prior to their evaluation. All studies were performed between 8 AM and 10 AM in the postabsorptive state following an overnight fast. First void urine was used to confirm the nonpregnant status. All women were studied during the follicular phase of the menstrual cycle in order to minimize variability in sex steroid hormones and their influence on UBF, with an average cycle day of 8.7 + 3.9. An FH questionnaire evaluated the presence of stroke, MI, and HTN in parents, siblings, and grandparents. Of the 60 participants who were evaluated for physiologic function, 55 provided informative family histories. Data were incomplete for 1 additional participant on FH of MI and HTN, resulting in 54 participants for these analyses. Physiologic evaluations began following 30 minutes of supine rest. For all assessments except Valsalva maneuver, participants remained in the supine position. The study protocol was approved by both the University of Vermont Institutional Review Board and the University of Vermont General Clinical Research Center Scientific Advisory Committee. All participating women provided written informed consent prior to enrollment.
Hemodynamic Assessment
Both PP and mean arterial pressure (MAP) were measured by continuous noninvasive tonometric radial artery blood pressure monitoring, employing the Colin Pilot 9200 device (San Antonio, Texas) with autostandardization to brachial artery measurements.
The CO was determined by Doppler echocardiographic examination. Forward stroke volume across the aortic valve was calculated as the product of the left ventricular outflow area and the outflow tract velocity time integral as assessed by pulsed Doppler using previously described methods. 34 Five complete spectral envelopes with the largest Doppler shift were recorded and averaged for each patient. The Doppler stroke volume was calculated as the product of the outflow tract area and the velocity time integral. The CO is expressed as liter/ minute after the integration of stroke volume with pulse rate.
The UBF was estimated using color Doppler ultrasound with an 8.0-MHz transvaginal transducer employing a Vivid 7 General Electric ultrasound unit (Milwaukee, Wisconsin). Uterine artery measurements were obtained lateral to the cervix at the level of the internal os. Vessel diameter was measured between the inner surfaces of the vessel walls during real-time power color Doppler imaging as previously described. 34 Uterine index (UI) was calculated as UBF divided by CO. This calculation was used to evaluate the differences between groups in allocation of systemic blood flow to the uterine arteries.
Alpha-and beta-adrenergic responsiveness were estimated based on temporally sequenced blood pressure responses to Valsalva maneuver. 35 Participants created a forced expiration for 20 seconds against a nonfixed low flow resistance to a pressure of 60 mm Hg measured with an attached manometer. The calculated difference between the peak MAP measured at the end of late phase II response of the Valsalva maneuver and the trough MAP at the end of the early phase II response is termed the late phase II (phase IIL [PIIL]) response and reflects baroreceptor activity mediated by vascular alpha-adrenergic receptors. The calculated difference between baseline MAP and the top of phase IV (PIV) represents the PIV measurement and reflects beta-adrenergic activity. 35 The PV was calculated using the Evans Blue Dye method, as previously described. 36 An 18-gauge intravenous saline lock was placed in the antecubital vein for baseline blood draw and administration of Evans blue dye and subsequent blood draws. The PV was reported in total milliliter and corrected for BMI.
Data Analysis
Participants with and without a FH of HTN, stroke, and MI were assessed and compared on the following physiological measures: BMI, MAP, PP, CO, UBF, UI, PV corrected for BMI (PV/BMI), PIIL (alpha-adrenergic activity), and PIV (betaadrenergic activity). Initially, separate univariate analyses were performed comparing participants with and without an FH of HTN, stroke, and MI using t tests. Because many participants had FHs of multiple outcomes of interest, a linear model was subsequently constructed to estimate the independent contribution of each of the 3 factors through the use of indicator variables. The intercept in the linear model represents the estimated least square mean for participants with no FH of any of the factors and least square means for each factor can be computed by adding the appropriate coefficient to the intercept.
When appropriate, descriptive statistics are reported for the subset of participants who had multigenerational FH (first and second degree), as small sample sizes precluded inferential analyses.
All statistical analyses were performed using SAS Statistical Software Version 9.3 (SAS Institute, Cary, North Carolina). Statistical significance was determined using P ¼ .05.
Results

Hypertension
Mean age, BMI, CO, PP, PIIL, or PIV did not significantly differ between women with and without an FH of HTN (Table 1) . Women reporting FH of HTN had decreased UBF in comparison to those without (ÀFH: 33.3 + 9.0 vs þFH: 21.5 + 1.7 mL/min; P ¼ .04). This result was consistent with a trend seen in UI (UBF/CO). Women with an FH had a trend toward a lower UI in comparison to women with no FH of HTN (ÀFH: 6.8% + 1.5% vs þ FH: 4.9% + 0.4%; P ¼ .08). There was also a trend toward increased MAP in participants with FH of HTN (ÀFH: 72.5 + 4.0 mm Hg vs þFH: 78.9 + 1.6 mm Hg; P ¼ .08).
While women with FH of HTN did not have a significantly lower PV/BMI than those without a history of HTN (ÀFH: 131.2 + 4.5 mL/kg vs þFH: 128.4 + 2.9 mL/kg; P ¼ .4), it is interesting to note that in the 13 participants with multigenerational FH of HTN, a decreased PV/BMI was suggested (mean 121.0 + 4.6 mL/kg).
Analyses adjusting for other risk factors failed to demonstrate significant differences in physiological characteristics specifically attributable to an FH of HTN. The estimated decrease in mean UBF observed univariately was similar in magnitude but did not achieve statistical significance ( 
Stroke
There were no significant differences in mean age, BMI, UBF, UI, MAP, PP, or PV/BMI, in those with and without an FH of stroke (Table 3 ). Mean CO was significantly increased in women reporting FH of stroke compared to those with no FH of stroke (ÀFH: 4.31 + 0.12 L/min vs þFH: 4.83 + 0.22; P ¼ .01). Participants who reported an FH of stroke had a significantly higher pII late (alpha-adrenergic response), as assessed by Valsalva, than those without a history (Table 3 ; ÀFH: 18.9 + 1.2 mm Hg vs þFH: 24.7 + 1.9; P ¼ .02). PIV sympathetic response, reflective of beta-adrenergic response, was observed to be increased in participants with relations who had an FH of stroke as compared to those without FH (ÀFH: 16.9 + 1.4 vs þFH: 22.0 + 2.1 mm Hg; P ¼ .04).
The results of multivariate analyses adjusting for other risk factors closely paralleled univariate results, with similar magnitude of estimated differences among analyses. Sympathetic tone, both PIIL and PIV, was higher in women with an FH of stroke ( 
Myocardial Infarction
There were no significant differences in participants with an FH of MI in comparison to those with no FH. However, trends were observed in UI, beta-adrenergic response, and MAP (Table 4 ). Women with an FH of MI demonstrated a trend toward decreased UI in comparison to those with no FH (ÀFH: 6.2% + 0.9% vs þFH: 4.5% + 0.4%; P ¼ .07). Betaadrenergic response trended higher in women with an FH of MI (ÀFH: 16.3 + 2.0 vs þFH: 20.6 + 1.4; P ¼ .08). There were no significant differences in physiologic characteristics attributable to reporting an FH of MI in analyses adjusted for other familial risk factors, though again the estimated differences between groups remained consistent with those found univariately ( Table 2 ). Of note, the vast majority (27 of 29) of those reporting a positive history for MI also reported a positive history for an alternative cardiovascular outcome, with 11 of 29 reporting FHs for all 2 evaluated outcomes.
Discussion
Women reporting an FH of HTN, stroke, or MI were found to have different physiologic profiles dependent on their histories. Women with an FH of stroke had increased CO and increased alpha-and beta-adrenergic response. Women with an FH of HTN presented with decreased UBF, and women with an FH of MI did not show any differences from women without. These findings add evidence to the importance of FH in evaluating cardiovascular risk profiles. Of interest, CVD and preeclampsia share several physiologic characteristics and women who develop preeclampsia are at an increased risk of developing CVD later in life. 6, 37 There is strong evidence that preeclampsia is familial and is associated with increased longterm risk for the subsequent development of HTN and ischemic CVD outside pregnancy. 38 Women who have been diagnosed with preeclampsia during pregnancy have an increased risk of nonpregnancy-associated stroke, both in the first year postpartum and during their later years, as well as an increased risk of death from CVD. 37, 39, 40 It has been reported that an FH of HTN increases an individual's likelihood of developing HTN themselves by up to 400 times. 41 In addition, FH of HTN has been suggested to increase preeclampsia risk in women. 42 There is a growing body of evidence highlighting a relationship, either causal or confounding, between hypertensive disorders during pregnancy and subsequent risk of CVD. 6, 13, 37, 43 There are 2 arguments, the first that preeclampsia results in lifelong cardiac changes that increase the risk of future events. The second hypothesis, which our laboratory explores, attempts to explain preeclampsia primarily as a hypertensive event of pregnancy, brought on by a predisposing phenotype. Of the 55 included participants, 42 reported an FH significant for HTN, 19 reported that of stroke, and 29 reported an FH of MI. Our analyses attempted to investigate the individual contribution of each to cardiovascular physiologic mechanisms, although the interplay between multiple risk factors does not allow for a clean analysis. Most strikingly, 27 of the 29 participants reporting an FH of MI also report histories of either HTN or stroke, 11 of which report histories of all 3. Hypertension, stroke, and MI have related but differing etiologies, and while HTN is traditionally a risk factor for both stroke and MI, the specific mechanism has not been fully explained. 44 Alternately, a history of stroke does not increase the risk of MI or vice versa. Each cardiovascular event appears to develop due to an independent, yet related mechanism. For this reason, we examined the association between physiologic characteristics in women with HTN, stroke, and MI both independently of one another as well as comparing those with specific family histories to those where there was no FH of any of these disorders.
When comparing women with no FH of HTN, stroke, or MI with those experiencing only a singular FH, our findings were limited by small sample sizes, and we were only able to detect a singular statistically significant difference between groups, that of increased CO in women with an FH of stroke. Despite our limited statistical findings, it is worthwhile to note that the direction and magnitude of the estimated differences for all physiologic markers were consistent with the univariate findings. In our analysis, nulliparous women with a positive FH of HTN, MI, or stroke possess physiologic differences in markers typically understood to establish the risk for the development of ischemic CVD independent of pregnancy. These physiologic markers become more evident in those with multigenerational family histories. Physiologically, CVD risk factors including reduced PV, increased PP, and increased sympathetic response have been identified as clinical precursors to both CVD and preeclampsia, and there is evidence these factors are altered prior to pregnancy in women who subsequently develop preeclampsia. 20, 45, 46 Higher values in MAP and sympathetic tone, as well as decreased PV/BMI in participants with positive FH of HTN, stroke, or MI, suggest these physiologic factors have a familial component that contributes to cardiovascular function, even prior to onset of clinical disease. In addition to the aforementioned physiologic risk factors, our study measured a significantly lower UBF in women with an FH of HTN. Diameter of uterine vessels was comparable across all groups. Reduced UBF, both prior to and during pregnancy, has been linked to the development of intrauterine growth restriction. [47] [48] [49] Prepregnancy UBF is not routinely evaluated, and studies tracking volumetric UBF expansion in early pregnancy are limited. There are conflicting reports of the hemodynamic effects of estradiol and progesterone, although there is a well-established cyclical effect seen, with higher levels of UBF seen throughout the follicular and preovulatory phases of the menstrual cycle, and reduced levels during the early follicular phase. 50, 51 For the sake of continuity across participants, all participants were evaluated in the follicular phase. The UBF has been reported to increase by 10Â from prepregnancy to early pregnancy, and data suggest that differences in UBF during early pregnancy may reflect differences present prior to pregnancy. 52 In addition, UBF can be significantly decreased in women both who develop gestational HTN or preeclampsia, and who deliver preterm compared to those who deliver near term. 53 Several of the measured physiologic parameters, in particular elevated CO, increased sympathetic tone, and low PV/BMI (when present in multigenerational family histories) that differ in nulliparous women with an FH of CVD, have also been recognized as contributing to predisposition to preeclampsia. 21, 54, 55 We suggest that these prepregnancy phenotypes may contribute to both a physiologic predisposition to preeclampsia and a long-term risk for CVD. Observations of CO in early pregnancy linked increased CO with the subsequent development of preeclampsia, and low levels of prepregnancy PV have been linked to the risk for recurrent and subsequent preeclampsia. 14, 21, 54 While the youthfulness of the study population likely contributed to the low number of women reporting FHs involving both first-and second-generation relations who have had MI or stroke, the presence of FH of a first-degree cardiovascular event in our young population is generally indicative of early-onset CVD. Early-versus late-onset CVD in relatives is an important factor to consider in taking FH. Many studies have found that the risk for developing CVD is significantly increased when family members have experienced early-onset disease as opposed to late onset. 4, [56] [57] [58] [59] [60] [61] It is well established that early-onset CVD disease is often more severe and is associated with increased risk of preeclampsia. 4, 62 Conversely, the timing and severity of hypertensive disease during pregnancy are also predictive of early-onset CVD, with women who develop severe preeclampsia early in pregnancy having the highest incidence of early-onset CVD. 63 Women who develop severe preeclampsia, especially early-onset, have a higher rate of deaths attributable to CVD as well as an increased risk of having family members who have had early-onset CVD of any type. 15, 21, 54, 62 Although this study was small, specifically preventing us from exploring the relationship and statistical significance of first-and second-generational FH for HTN, MI, and stroke, we were able to identify several known physiologic clinical precursors to both preeclampsia and ischemic CVD, supporting the hypothesis that there is a nonpregnancy phenotype that exists in young women who have an FH of these cardiovascular events. This phenotype likely contributes to the ''pregnancy as a stress-test'' hypothesis, whereby preeclampsia unmasks preexisting physiologic characteristics that predispose to preeclampsia and future CVD risk. 31, 43 Considering the relatively small sample size, it is possible that additional relationships may exist but the study was underpowered to detect. Further limitations of our study include the potential for recall bias or misinformation from our participants regarding the incidence of HTN, MI, or stroke in their family members, and a lack of data regarding FH of preeclampsia. Also, as we were interested in studying the cardiovascular physiology of healthy nulligravid women, we excluded those with obesity. Consequently by excluding those with higher BMI values, the potential for selection bias may have limited our results as BMI is a well-established risk factor for both CVD and preeclampsia.
Without birth outcome data on study participants, and assuming a rate of 5% to 8% of pregnancies develop preeclampsia, it is impossible to predict which small subset of our population would likely develop preeclampsia. Risk factors commonly overestimate projected risk in order to have a higher positive projected risk. Clearly, not all participants who are at risk of developing HTN, stroke, or MI will experience these cardiovascular events. The Norwegian HUNT study revealed that up to 83.7% of the population exhibited a positive profile of at least 2 risk factors for CVD, and 98% of the population exhibited at least 1 risk factor. 64 Similarly, the Framingham score and European SCORE models both profoundly overestimate the risk of CVD. 65 However, despite the potential for overestimation of risk, FH remains a highly significant predictor of HTN, stroke, and MI risk in siblings, offspring, and grandchildren of those who have experienced CVD events, particularly when correlated to physiologic profiles. Similarly, we argue that the risk of preeclampsia development can likewise be estimated through a combination of familial and phenotypic physiologic characteristics.
In summary, women reporting an FH of HTN had decreased UBF, and those reporting an FH of stroke were found to have increased CO, and increased alpha-and beta-adrenergic response in comparison to women without FHs of these cardiovascular events. This study has potential implications for both obstetrical and cardiovascular health. Before the onset of disease, it may be possible to identify women at risk of developing preeclampsia or CVD based on physiologic assessments of their cardiovascular phenotype or strongly associated markers. The ability to enhance the identification of women at high cardiovascular risk could facilitate early intervention for clinically manifest pregnancy-related risks and long-term cardiovascular health risks.
